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ABSTRACT:	  Optimizing	  the	  number,	  distribution	  and	  accessibility	  of	  Brønsted	  acid	  sites	  in	  zeolite-­‐based	  catalysts	  is	  of	  a	  
paramount	  importance	  to	  further	  improve	  their	  catalytic	  performances.	  However,	  real-­‐time	  changes	  in	  reactivity	  of	  single	  
zeolite	   catalyst	   particles	   remain	   challenging	   to	   be	  measured	   by	   ensemble-­‐averaging	   characterization	  methods.	   In	   this	  
work,	  a	  detailed	  3-­‐D	  single	  molecule	  –	  single	  turnover	  sensitive	   fluorescence	  microscopy	  study	   is	  presented	  to	  quantify	  
the	  reactivity	  of	  Brønsted	  acid	  sites	  in	  zeolite	  H-­‐ZSM-­‐5	  crystals	  upon	  steaming.	  This	  approach,	  in	  combination	  with	  the	  
oligomerization	  of	  furfuryl	  alcohol	  as	  probe	  reaction,	  allowed	  investigating	  with	  great	  precision	  the	  stochastic	  behavior	  of	  
single	   catalytic	   turnovers	   and	   temporally	   resolved	   turnover	   frequencies	  of	   zeolite	  domains	   smaller	   than	   the	  diffraction	  
limited	   resolution.	   It	  was	   found	   that	   the	   single	   turnover	  kinetics	  of	   the	  parent	  zeolite	  crystal	  proceeds	  with	   significant	  
spatial	  differences	  in	  turnover	  frequencies	  at	  the	  nanoscale,	  and	  non-­‐correlated	  temporal	  fluctuations.	  Mild	  steaming	  of	  
zeolite	  H-­‐ZSM-­‐5	  crystals	  at	  500	   ◦C	   led	   to	  an	  enhanced	  surface	  reactivity	  with	  up	   to	  4	   times	  higher	   local	   turnover	   rates	  
than	   of	   the	   parent	  H-­‐ZSM-­‐5	   crystals	   and	   revealed	   remarkable	   heterogeneities	   in	   surface	   reactivity.	   In	   strong	   contrast,	  
severe	  steaming	  at	  700	  ◦C	  significantly	  dealuminated	  the	  zeolite	  H-­‐ZSM-­‐5	  material	  leading	  to	  a	  460	  times	  lower	  turnover	  
rate.	  The	  differences	  in	  measured	  turnover	  activities	  are	  explained	  by	  changes	  in	  the	  3-­‐D	  aluminum	  distribution	  due	  to	  
migration	   of	   extra-­‐framework	  Al-­‐species	   and	   their	   subsequent	   effect	   on	  pore	   accessibility,	   as	   corroborated	   by	   time-­‐of-­‐
flight	  secondary	  ion	  mass	  spectrometry	  (TOF-­‐SIMS)	  sputter	  depth	  profiling	  data.	  
INTRODUCTION	  	  
Zeolites	   represent	   a	   very	   important	   class	   of	   solid	   acid	  
catalysts	   utilized	   in	   a	   number	   of	   large-­‐scale	   industrial	  
applications.	   The	   unique	   combination	   of	   acidic	   and	  
shape-­‐selective	   properties	   has	   made	   zeolites	   the	   work-­‐
horse	   in	   oil	   refining	   and	   petrochemical	   applications,	   in-­‐
cluding	   fluid	   catalytic	   cracking	   (FCC),1,2	   methanol-­‐to-­‐
olefins,3	   isomerization	   and	   alkylation	   processes4.	   A	   chal-­‐
lenge	  for	  the	  rational	  design	  of	  better-­‐performing	  zeolites	  
is	   to	   tune	   the	   number,	   distribution	   and	   nature	   of	   acid	  
sites,	   as	   well	   as	   to	   facilitate	   the	   molecular	   diffusion	   of	  
reactants	   and	   products	   via	   the	   formation	   of	   mesopores.	  
Therefore,	  improving	  the	  catalytic	  performance	  of	  zeolites	  
calls	   for	  a	  deeper	  understanding	  of	  single	  zeolite	  particle	  
reactivity.	  
The	  Brønsted	  acidic	  nature	  of	  zeolites	  is	  generally	  associ-­‐
ated	  to	  bridging	  hydroxyl	  protons	  resulting	  from	  isomor-­‐
phous	   substitution	   of	   Si	   (IV)	   by	   Al	   (III).5	   The	   ability	   to	  
synthesize	  well-­‐defined	  zeolite	   crystals	   and	   to	   tune	   their	  
Si	   to	  Al	   ratio,	   as	  well	   as	   the	  architecture	  of	  microporous	  
voids,	   according	   to	   the	   application	   is	   certainly	   without	  
parallel	   in	   heterogeneous	   catalysis.6	   However,	  molecular	  
transport	   –	   and	   therefore	   the	   reactivity	   -­‐	   in	   purely	   mi-­‐
croporous	   zeolite	   crystals	   is	   tremendously	   hindered	   by	  
the	  slow	  diffusion.7	  Steaming	  of	  zeolites	   is	   the	  most	  pre-­‐
ferred,	   simple,	   and	   cost-­‐efficient	   industrial	   post-­‐
treatment	   method	   to	   shorten	   the	   effective	   diffusion	  
pathways	   and	   enhance	   the	   accessibility	   of	   acid	   sites	   via	  
the	   creation	   of	   mesopores.8,9	   During	   this	   process	   dealu-­‐
mination	  of	  the	  zeolite	  takes	  place,	  which	  inevitably	  leads	  
to	   a	   partial	   or	   a	   complete	   loss	   of	   Brønsted	   acidity.10,11	  
While	   structural	   properties	   and	   the	   interconnection	   of	  
micro-­‐	   and	   mesopores	   can	   be	   studied	   with	   high-­‐
resolution	   scanning	   electron	   microscopy	   (HR-­‐SEM)	   and	  
transmission	   electron	   microscopy	   (TEM),12,13	   the	   acidic	  
properties	  of	   zeolites	   are	  mainly	  assessed	  via	  bulk	  meas-­‐
urements,	   such	   as	   solid-­‐state	   NMR,14	   X-­‐ray	   absorption	  
spectroscopy,15,16	   temperature	   programmed	   desorption	  
(TPD),	   and	   Infra-­‐Red	   (IR)	   spectroscopy	   of	   numerous	  
probe	   molecules.17	   Very	   recent	   advances	   in	   Scanning	  
Transmission	  X-­‐ray	  Microscopy	  (STXM)	  enabled	  mapping	  
of	   Al	   coordination	   in	   3-­‐D	   with	   ~	   30	   nm	   resolution.18,19	  
Micro-­‐spectroscopic	   methods	   that	   utilize	   probe	   mole-­‐
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cules	  such	  as	  UV-­‐Vis	  microscopy,20	  confocal	  fluorescence	  
microscopy,21,22	   IR	   microscopy,23	   and	   coherent	   Raman	  
spectroscopy,24–26	   provide	   essential	   chemical	   information	  
about	   reactive	   acid	   sites,	   however	   with	   the	   limited,	   mi-­‐
crometer	   resolution.	   As	   a	   consequence,	   inherent	   intra-­‐	  
and	   inter-­‐particle	   heterogeneities	   may	   pass	   unnoticed	  
despite	  significantly	  altering	  the	  catalytic	  activity	  in	  space	  
and	   time.26–28	  Therefore,	   in	  order	   to	  understand	  how	   the	  
synthesis	   of	   zeolite	   material	   influences	   its	   catalytic	   per-­‐
formance,	   it	   is	   of	   fundamental	   importance	   to	   further	  
comprehend	  the	  nanoscopic	  differences	  in	  the	  acidity	  and	  
reactivity	  of	  single	  zeolite	  particles.	  	  
Single	  molecule	   fluorescence	  microscopy	  has	   revolution-­‐
ized	   life	   sciences	  and	   the	  chemical	  understanding	  of	  nu-­‐
merous	  biological	  processes.	  Besides	  offering	  the	  ultimate	  
sensitivity	  limit	  of	  an	  analytic	  method,	  it	  opens	  possibili-­‐
ties	   to	  overcome	  the	  diffraction-­‐limited	  resolution	  of	   the	  
optical	  microscopy	  by	   localizing	   single	   fluorescent	  mole-­‐
cules	  with	  nanometer	  precision.	  In	  the	  fields	  of	  heteroge-­‐
neous	   catalysis	   and	   material	   science	   several	   examples	  
have	  demonstrated	  the	  remarkable	  potential	  of	  this	  tech-­‐
nique	   for	   visualizing	   the	   diffusion	   of	   fluorescent	   mole-­‐
cules	   in	   mesoporous	   materials29,30	   and	   the	   reactivity	   of	  
catalyst	   particles.26,31–39	   However,	   despite	   the	   fact	   that	  
there	  are	  no	  obstacles	  in	  instrumentation,	  the	  application	  
of	  this	  method	  in	  the	  field	  of	  catalysis	  is	  seriously	  lagging	  
behind	  its	  biological	  applications.40–42	  	  
In	  this	  work,	  we	  study	  the	  acid-­‐catalyzed	  oligomerization	  
of	  furfuryl	  alcohol	  (FA)	  taking	  place	  at	  Brønsted	  acid	  sites	  
of	   individual	   zeolite	   H-­‐ZSM-­‐5	   crystals.	   To	   study	   the	  
Brønsted	  acidity	  of	  zeolite	  H-­‐ZSM-­‐5	  we	  used	  large	  zeolite	  
crystals	   as	   well	   defined	  model	   systems.	   These	   consist	   of	  
six	   individual	   subunits	  with	   the	  orientation	  of	   sinusoidal	  
and	  straight	  pores	  differing	  between	  the	  crystal	  body	  and	  
edges,	  often	  referred	  to	  as	  90°	  intergrowths	  (Figure	  1a).43,44	  
As	   a	   consequence,	   molecular	   transport,	   diffusion	   and	  
reactivity	   change	   anisotropically	   throughout	   the	   crystal,	  
influencing	   the	   overall	   catalytic	   performance	   of	   an	   indi-­‐
vidual	  catalyst	  particle.43	  
The	  concept	  of	  Nanometer	  Accuracy	  by	  Stochastic	  Chem-­‐
ical	   reActions	   (NASCA)	  microscopy	   was	   previously	   used	  
to	   resolve	   the	   individual	   catalytic	   conversions	   of	   FA	   on	  
individual	  H-­‐ZSM-­‐533	  and	  H-­‐MOR26	  crystals.	  Using	  the	  3-­‐
D	  NASCA	   approach	  we	  now	   follow	   real-­‐time	   changes	   in	  
the	   stochastic	   dynamics	   of	   catalytic	   turnovers	   in	   parent	  
and	   steamed	   zeolite	   H-­‐ZSM-­‐5	   crystals.	   To	   quantify	   the	  
effects	   of	   steaming	   post-­‐treatments	   on	   the	   rate	   of	   for-­‐
mation	   of	   fluorescent	   products,	   we	   have	   monitored	   the	  
dynamics	  of	  catalytic	  turnovers	  at	  three	  different	  types	  of	  
single	   zeolite	   crystals	   that	   are	   intentionally	   chosen	   to	  
mimic	  mild	  and	  severe	  steaming	  processes	  -­‐	  typically	  used	  
to	  improve	  molecular	  diffusion	  and	  alter	  the	  strength	  and	  
accessibility	   of	   acid	   sites.	   According	   to	   the	   procedure	   of	  
Aramburo	   et	   al.45,	   crystals	   with	   different	   degrees	   of	  
Brønsted	   acidity	   and	   mesoporosity	   have	   been	   prepared;	  
namely,	   parent	   crystals	   (H-­‐ZSM-­‐5-­‐P)	   -­‐	   with	   preserved	  
Brønsted	  acidity	  and	   intact	  microporosity;	  mildly	  treated	  
crystals	   (H-­‐ZSM-­‐5-­‐MT)	  -­‐	   steamed	  for	  5	  h	  at	  500	  °C,	  with	  
induced	   surface	   mesoporosity	   and	   preserved	   Brønsted	  
acidity;	   and	   severely	   treated	   crystals	   (H-­‐ZSM-­‐5-­‐ST)	   -­‐	  
steamed	  for	  5	  h	  at	  700	  °C,	  with	  a	  high	  degree	  of	  mesopo-­‐
rosity	   (surface	   and	   bulk)	   and	   low	   Brønsted	   acidity.	   Re-­‐
cently,	   a	   multi-­‐laser	   confocal	   fluorescence	   microscopy	  
was	   used	   to	   resolve	   the	   location	   of	   different	   fluorescent	  
styrene	   oligomers	   in	   the	   very	   same	   types	   of	   model	   H-­‐
ZSM-­‐5	  crystals.22	  
It	  will	  be	  now	  shown	  that	  the	  unique	  sensitivity	  and	  spa-­‐
tial	   resolution	   of	   NASCA	   microscopy	   enables	   accurate	  
quantification	  of	  the	  local	  turnover	  frequencies	  in	  3-­‐D	  for	  
nanoscopic	  zeolite	  domains	  within	  individual,	  parent	  and	  
steamed	   zeolite	  H-­‐ZSM-­‐5	   crystals.	   This	   approach	   can	   be	  
used	   to	   visualize	   enhanced	   catalytic	   activity	   and	   large	  
micron-­‐scale	  heterogeneities	  in	  local	  turnover	  frequencies	  
of	  mildly	  steamed	  zeolite	  crystals,	  as	  well	  as	  to	  measure	  a	  
significant	   loss	   of	   turnover	   activity	   of	   severely	   steamed	  
zeolite	  crystals.	  Furthermore,	   the	  approach	  allows	  study-­‐
ing	   the	   stochastic	   behavior	   of	   single	   catalytic	   turnovers	  
and	  their	  temporal	  correlations	  within	  nanoscopic	  zeolite	  
domains.	   Based	   on	   this	   method	   it	   was	   found	   that	   the	  
single	   turnover	   kinetics	   of	   the	   seemingly	   homogeneous	  
parent	   material	   proceeds	   with	   significant	   spatial,	   nano-­‐
scale	   differences,	   and	   non-­‐correlated	   temporal	   fluctua-­‐
tions.	  	  
	  
EXPERIMENTAL	  AND	  METHODOLOGY	  SECTION	  
Synthesis	   of	   zeolite	   H-­‐ZSM-­‐5-­‐P	   crystals	   in	   acidic	  
form.	  Large	  coffin-­‐shaped	  zeolite	  H-­‐ZSM-­‐5	  crystals	   (Fig-­‐
ure	   1a)	   with	   an	   average	   size	   of	   ~	   20×20×100	   μm3	   and	   a	  
bulk	  Si/Al	  ratio	  of	  17	  were	  used	  as	  provided	  by	  ExxonMo-­‐
bil	   (Machelen,	   Belgium).	   The	   synthesis	   procedure	   has	  
been	   reported	   elsewhere.45	   Organic	   template	   molecules	  
(tetrapropylammonium	  (TPA))	  were	  removed	  by	  a	  careful	  
calcination	  (1	  K/min)	  at	  550	  ◦C	  for	  8	  h.	  After	  the	  template	  
removal,	   the	   zeolite	   crystals	   were	   converted	   into	   their	  
acidic	   form	  by	  a	  triple	   ion-­‐exchange	  with	  10	  wt%	  ammo-­‐
nium	  nitrate	   (99+	  %,	  Acros	  Organics)	  at	  80	   ◦C,	   followed	  
by	   6	   h	   calcination	   at	   500	   ◦C.	   To	   avoid	   residual	   fluores-­‐
cence,	  prior	  to	  use	  the	  crystals	  were	  activated	  at	  500	  ◦C	  (1	  
◦C/min)	  for	  24	  h	  in	  static	  air.	  
Steaming	  post-­‐treatment	  of	  zeolite	  H-­‐ZSM-­‐5-­‐MT	  and	  
H-­‐ZSM-­‐5-­‐ST	  crystals.	  Zeolite	  H-­‐ZSM-­‐5-­‐P	  crystals	  in	  acid-­‐
ic	  form	  have	  been	  used	  for	  further	  preparation	  of	  steamed	  
samples.	  Steaming	  was	  performed	  under	  two	  sets	  of	  con-­‐
ditions,	  with	  the	  intention	  to	  simulate	  mild	  steaming	  (H-­‐
ZSM-­‐5-­‐MT)	  and	  severe	  steaming	  (H-­‐ZSM-­‐5-­‐ST)	  of	  parent	  
H-­‐ZSM-­‐5-­‐P	   crystals.	   Zeolites	   were	   heated	   in	   a	   tubular	  
oven	  to	  500	  ◦C	  (H-­‐ZSM-­‐5-­‐MT)	  and	  700	  ◦C	  (H-­‐ZSM-­‐5-­‐ST)	  
at	  a	  heating	  rate	  of	  5	  ◦C/min.	  Further	  steaming	  treatment	  
was	  performed	  using	  water	  saturated	  (373	  K)	  N2	  flow	  (150	  
ml/min)	  for	  5	  h.	  Details	  on	  the	  preparation	  and	  character-­‐
ization	   of	   the	   crystals	  with	  UV-­‐Vis	  microscopy,	   confocal	  
fluorescence	   microscopy,	   synchrotron-­‐based	   IR	   micro-­‐
spectroscopy,	   atomic	   force	  microscopy,	   HR-­‐SEM	   and	   X-­‐
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ray	  photoelectron	  spectroscopy	  (XPS)	  have	  been	  reported	  
before.45	  
Wide-­‐field	   fluorescence	   setup.	   Figure	   1a	   presents	   a	  
schematic	  of	  the	  experimental	  approach.	  Single	  molecule	  
fluorescence	   experiments	   were	   performed	   using	   an	   in-­‐
verted	   epi-­‐fluorescence	   wide-­‐field	   microscope	   (Olympus	  
IX-­‐71),	  equipped	  with	  a	  100×	  oil	  immersion	  objective	  lens	  
(1.4	   NA)	   and	   a	   highly	   sensitive	   Electron	   Multiplying	   –	  
CCD	   (EMCCD)	   camera	   (ImagEM	   Enhanced	   C9100-­‐23B,	  
Hamamatsu).	   Wide-­‐field	   illumination	   was	   achieved	   by	  
circularly	   polarized	   532	  nm	   light	   from	  a	  diode	   laser	   (Ex-­‐
celsior	   532,	   Spectra-­‐Physics).	   Fluorescent	   emission	   was	  
imaged	   by	   the	   EMCCD	   after	   passing	   through	   a	   dichroic	  
mirror	  and	  a	  545	  nm	  long-­‐pass	  filter	  removing	  the	  excita-­‐
tion	  light.	  The	  image	  was	  expanded	  by	  a	  3.3×	  camera	  lens	  
resulting	  in	  a	  field	  of	  view	  of	  24.6	  ×	  24.6	  μm2	  and	  48	  ×	  48	  
nm²	   per	   pixel.	   Wide-­‐field	   images	   of	   catalytic	   turnovers	  
were	  recorded	  approximately	  at	  the	  middle	  of	  the	  zeolite	  
crystal	   (Figure	   1b)	  with	  a	   frame	  rate	  of	   10	   images	  per	   se-­‐
cond.	  
	  
	  	  
Figure	   1.	   Schematic	   of	   the	   single	  molecule	   fluorescence	   ap-­‐
proach	  used	  to	  map	  in	  3-­‐D	  the	  reactivity	  of	  a	  single	  H-­‐ZSM-­‐5	  
crystal.	   a)	   The	   intergrowth	   structure	   of	   a	   zeolite	   H-­‐ZSM-­‐5	  
crystal	   indicating	   the	   direction	   of	   straight	   and	   sinusoidal	  
pores	   in	   different	   subunits	   (color-­‐coded).	   b)	   Accumulated	  
image	   of	   individual	   fluorescent	   products	   depicted	   with	   re-­‐
spect	   to	   the	   size	   of	   the	   zeolite	   crystal.	   c)	   The	   formation	   of	  
fluorescent	   products	   (red)	   upon	   the	   protonation	   of	   FA	  
(black)	   on	   a	   Brønsted	   acid	   site.	   d)	   An	   estimate	   of	   the	   ana-­‐
lyzed	   crystalline	   volume	   depicting	   the	   3-­‐D	   distribution	   of	  
fluorescent	  molecules	  (red).	  
	  
Experiment.	   The	   oligomerization	   of	   FA	   (Figure	   1c)	   was	  
performed	   on	   activated	   zeolite	   H-­‐ZSM-­‐5	   crystals	   loaded	  
on	  the	  top	  of	  a	  cover	  glass	  in	  a	  reactor	  designed	  for	  liquid-­‐
phase	  experiments.	  The	  crystals	  were	  exposed	  to	   furfuryl	  
alcohol	  (99	  %,	  Sigma	  Aldrich),	  previously	  diluted	  in	  Milli-­‐
Q	  water,	   to	  achieve	  desirable	  catalytic	  activity.	  The	  opti-­‐
mal	  concentration	  of	  FA	  for	  high-­‐resolution	  imaging	  was	  
determined	  in	  a	  series	  of	  concentration	  dependent	  meas-­‐
urements.	   The	   reaction	   was	   then	  monitored	   focusing	   at	  
the	  surface	  of	  the	  bottom	  subunit	  (denoted	  here	  as	  Z	  =	  0)	  
or	  by	  moving	   the	   focus	   to	  any	  provisional	   focal	  depth	   in	  
axial	   Z-­‐direction	   up	   to	   Z	   =	   20	   µm	   (Figure	   1a),	   with	   the	  
estimated	  precision	  of	  ±	  0.2	  µm.	  Prior	  to	  the	  experiments,	  
the	  absence	  of	  residual	  fluorescence	  was	  verified	  on	  indi-­‐
vidual	   crystals.	  All	   experiments	  were	  performed	   at	   room	  
temperature.	  
Data	  analysis.	  Recorded	  movies	  were	  analyzed	  with	   the	  
Localizer	   analysis	   software46	   developed	   for	   Igor	   Pro	  
(Wavemetrics)	  and	  Matlab	  (MathWorks).	  Sub-­‐diffraction	  
localization	  of	   fluorescent	  events	  was	  done	  by	   independ-­‐
ent	   segmentation	   of	   each	   frame	   into	   emissive	   spots	   and	  
background	  using	  the	  approach	  of	  Serge	  et	  al.47	  The	  pixels	  
identified	  by	   this	   segmentation	  were	   reduced	   to	   a	   list	   of	  
initial	   emitter	   positions	   by	   considering	   adjacent	   active	  
pixels	   as	   belonging	   to	   a	   single	   emitter.	   The	   locations	   of	  
these	   emitters	   can	   be	   determined	   with	   sub-­‐diffraction	  
limited	   resolution	  by	   fitting	   a	   two-­‐dimensional	  Gaussian	  
using	   the	   Levenberg-­‐Marquardt	   least-­‐squares	   algorithm	  
as	   implemented	   in	   the	   GNU	   Scientific	   Library.	   The	   cor-­‐
rect	   functioning	   and	   absence	   of	   systematic	   errors	   in	   the	  
algorithm	   were	   verified	   by	   visual	   inspection	   of	   the	   pro-­‐
cessed	  results.	  	  
Emitter	   tracking	   analysis.	   The	   emitter	   tracking	   algo-­‐
rithm	  as	  implemented	  in	  the	  Localizer	  software	  has	  been	  
used	  to	  correct	  for	  the	  reappearance	  of	  fluorescent	  events	  
in	  repetitive	  frames,	  a	  necessary	  step	  in	  order	  to	  quantify	  
individual	   turnovers.	  An	   iterative	   procedure	   was	   further	  
used	   to	   optimize	   the	   parameters	   of	   the	   algorithm	   that	  
take	  into	  account	  single	  molecule	  reappearance	  in	  subse-­‐
quent	  localizations	  (pixel	  jump)	  and	  blinking	  of	  the	  fluo-­‐
rescent	   molecule	   (blinking	   time).	   Optimal	   values	   of	   55	  
nm	  pixel	  jump	  and	  0.5	  s	  blinking	  time	  were	  found	  to	  be	  a	  
good	   correction	   for	   the	   summed	   effects	   of	   photobleach-­‐
ing,	   blinking,	   localization	   precision	   and	  molecular	   diffu-­‐
sion.	   (Supporting	   information	   S1).	   The	   large	  majority	   of	  
fluorescent	   events	   can	   be	   localized	   with	   an	   estimated	  
precision	  of	  17	  ±	  9	  nm	  (Supporting	  information	  S2).	  How-­‐
ever,	   the	   optimized	   algorithm	   accounts	   also	   for	   the	   ex-­‐
tremes	  in	  the	  localization	  efficiency	  (e.g.	  when	  one	  mole-­‐
cule	   appears	   in	   many	   consecutive	   frames)	   in	   order	   to	  
eliminate	  artificially	  generated	  hotspots	  of	  reactivity.	  This	  
approach	   is	   sensible	   considering	   that	   the	   probability	   of	  
consecutively	   finding	   two	   fluorescent	   molecules	   within	  
the	  diameter	  of	  55	  nm	  is	  very	  low.	  
TOF-­‐SIMS	   analysis	   of	   Al	   distribution.	   The	   time-­‐of-­‐
flight	   secondary	   ion	   mass	   spectrometry	   (TOF-­‐SIMS)	   ex-­‐
periments	  were	  carried	  out	  on	  a	  TOF-­‐SIMS	  5.100	  machine	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(ION-­‐TOF	  GmbH,	  Münster,	   Germany).	   For	   data	   evalua-­‐
tion	  the	  software	  SurfaceLab	  6.3	  has	  been	  used.	  The	  UHV	  
chamber	   had	   a	   base	   pressure	   <	   5×10–10	   mbar,	   which	   in-­‐
creased	  during	  the	  work	  on	  the	  zeolite	  H-­‐ZSM-­‐5	  crystals	  
to	  10–8	  mbar.	  Charge	  compensation	  of	  the	  non-­‐conducting	  
samples	  was	  provided	  by	  an	  electron	   flood	  gun.	  Samples	  
were	  transferred	  into	  the	  UHV	  chamber	  of	  the	  TOF-­‐SIMS	  
machine	   without	   further	   preparation.	   The	   crystals	   were	  
sprinkled	   on	   conductive	   0.2	   mm	   thick	   polycarbonate	  
stickers	   with	   graphite	   powder	   mixed	   in	   the	   adhesive	   as	  
commonly	  used	   for	  scanning	  electron	  microscopy	  (Plano	  
GmbH,	  Wetzlar,	  Germany).	  All	  measurements	  were	  con-­‐
ducted	  at	  room	  temperature.	  	  
TOF-­‐SIMS	   surface	   analysis	   was	   done	   using	   Bi+	   primary	  
ions	  (E(Bi+)	  =	  25	  keV,	  I(Bi+)	  =	  0.40	  pA).	  For	  sputter	  depth	  
profiling,	  O2
+	   ions	  (E(O2
+)	  =	   1	  keV,	   I(O2
+)	  =	  325	  nA)	  were	  
used.	   The	   sputter	   area	   was	   120	   ×	   120	   µm².	   The	   analysis	  
itself	  was	  carried	  out	  in	  an	  area	  of	  120	  ×	  120	  µm2	  (128	  ×	  128	  
pixels)	  with	  Bi+	   ions	   in	   low	   current	   bunch	  mode	   (lateral	  
resolution	  ~	  2	  µm)	   in	  the	  center	  of	   the	  sputter	  area.	  The	  
data	  were	  obtained	  by	  periodic	  cycling	  of	  2	  s	  of	  Bi+	  analy-­‐
sis,	  5	  s	  of	  O2
+	  sputtering	  for	  the	  parent	  crystal	  and	  10	  s	  for	  
the	  steamed	  crystals,	  and	   1	   s	   resting	   time.	  The	  TOF	  ana-­‐
lyser	  was	  operated	  in	  positive	  ion	  mode.	  For	  evaluation	  of	  
the	   Si+/Al+	   secondary	   ion	   ratio,	   the	   mass	   spectra	   were	  
reconstructed	   based	   on	   the	   signal	   originated	   from	   the	  
defined	  region-­‐of-­‐interest.	  It	  is	  important	  to	  note	  that	  the	  
obtained	  ratio	  is	  not	  an	  atomic	  Si/Al	  ratio,	  but	  merely	  the	  
Si+/Al+	   secondary	   ion	   ratio.	   Niemantsverdriet	   et	   al.	   re-­‐
ported	   the	  secondary	   ion	  yields	  of	  Si+	  and	  Al+	   from	  their	  
pure	   oxides	   being	   0.58	   and	   0.7,	   respectively.48	   Based	   on	  
the	   ratio	   of	   the	   secondary	   ion	   yields	   (Yox.(Si
+)/Yox.(Al
+)	   =	  
0.83),	   a	   calibration	   of	   the	   Si/Al	   ratio	   could	   be	   achieved.	  
We	   noted	   a	   small	   variations	   in	   the	   absolute	   values	   of	  
Si+/Al+	   signals	   recorded	   for	   different	   crystals.	   However,	  
the	   trends	   of	   the	   obtained	   curves	   Si/Al	   ratio	   vs.	   sputter	  
time	   or	   sputter	   depth	   remained	   unchanged.	   The	   sputter	  
depth	  was	  estimated	  by	  measuring	  the	  sputtered	  crystals	  
by	  confocal	  microscopy	  height	  profiling.	  An	  average	  sput-­‐
ter	   depth	   of	   10±2	   µm	   was	   achieved,	   indicating	   that	   the	  
middle	  of	   the	  crystal	  has	  been	  reached.	  A	  coarse	  calibra-­‐
tion	   of	   the	   depth	   profiling	   data	   was	   assumed	   based	   on	  
linear	  relation	  between	  sputter	  time	  and	  sputter	  depth.	  	  
	  
RESULTS	  AND	  DISCUSSION	  
Single	  molecule	   fluorescence	  microscopy.	  The	   acidic	  
properties	  of	  H-­‐ZSM-­‐5	  crystals	  were	  tested	  using	  the	  oli-­‐
gomerization	  of	  furfuryl	  alcohol	  (FA)	  –	  a	  fluorogenic	  reac-­‐
tion	  used	   to	  probe	   the	  Brønsted	  acid	   sites	  of	   zeolites	  H-­‐
ZSM-­‐5	   and	   H-­‐MOR.26,33,39	   FA	   oligomerization	   at	   the	  
Brønsted	   acid	   sites	   of	   zeolite	   H-­‐ZSM-­‐5	   leads	   to	   the	   for-­‐
mation	   of	   highly	   fluorescent	   oligomeric	   carbocations	  
(Figure	   1c).	   For	   the	   oligomerization	   mechanisms	   the	  
reader	   is	   referred	   to	   the	   Supporting	   Scheme	   S1.	   Fluores-­‐
cent	  products	  are	  efficiently	  excited	  by	  532	  nm	  laser	  light,	  
followed	  by	  the	  subsequent	  detection	  of	  the	  fluorescence	  
emission	  of	  the	  product	  molecules	  (Figure	  1b).	  The	  steric	  
confinement	  of	  the	  product	  molecules	  in	  the	  zeolite	  pores	  
contributes	  to	  their	  excellent	  fluorescence	  properties	  and	  
enhanced	   contrast	   in	   respect	   to	   the	  molecules	   that	  have	  
diffused	  into	  the	  bulk	  solution.	  Supporting	  Movie	  S1	  illus-­‐
trates	  that	  fluorescent	  events	  are	  taking	  place	  at	  different	  
focal	   depths	   with	   respect	   to	   the	   surface	   of	   the	   zeolite	  
crystal	   –	   a	   consequence	   of	   the	   intracrystalline	   diffusion	  
and	   the	   stochastic	   nature	   of	   the	   catalytic	   process.	   Their	  
location	   in	   axial	   direction	   can	   be	   determined	   with	   an	  
estimated	  resolution	  in	  order	  of	  ~	  500	  nm	  -­‐	  a	  value	  that	  is	  
used	  in	  the	  later	  quantification	  analysis.36	  Based	  on	  this,	  it	  
can	  be	  approximated	  that	   the	  single	  molecule	  events	  are	  
simultaneously	   recorded	   within	   crystalline	   volume	   of	  
approximately	  25	  ×	  20	  ×	  0.5	  µm3,	  where	  25	  ×	  20	  µm2	  repre-­‐
sents	   a	  projected	   area	  of	   the	   crystal	   	   (Figure	   1d).	  Within	  
this	  volume,	  we	  estimate	  2.7	  ×	  1011	  Brønsted	  acid	  sites	  if	  all	  
Al	  atoms	  are	  considered	  to	  be	  catalytically	  active.	  Clearly,	  
the	   concentration	   of	   FA	   is	   a	   critical	   variable	   to	   achieve	  
turnover	  activity	  optimal	   for	   imaging.	  Low	  reaction	  rates	  
–	   typically	   in	   a	   range	  of	   1	   -­‐	   1000	  detected	  product	  mole-­‐
cules	  per	  second	  and	  per	  crystal	  section	  –	  enable	  success-­‐
ful	   quantification	   of	   individual	   fluorescent	   events	   and	  
prevent	   simultaneous	   spatial	   overlapping	   of	   the	   fluores-­‐
cent	  product	  molecules	  (Figure	  2a).	  
	  
	  
Figure	  2.	  The	  NASCA	  localization	  approach.	  a)	  Three	  isolated	  
catalytic	   events	   (bursts)	   as	   identified	   by	   the	   2-­‐D	   Gaussian	  
localization	   algorithm.	   b)	   A	   single	   burst	   as	   detected	   by	   the	  
EMCCD	  camera,	  and	  c)	  subsequent	  localization	  of	  a	  fluores-­‐
cent	  event	  appearing	  in	  10	  consecutive	  frames.	  The	  red	  circle	  
denotes	  a	  diameter	  of	  20	  nm,	  indicating	  the	  spatial	  precision	  
of	   the	   method.	   d)	   A	   high-­‐resolution	   map	   of	   fluorescence	  
activity	  based	  on	   100	  consecutive	   frames.	  e)	  Typical	   fluores-­‐
cence	   trajectories	   of	   the	   events	   shown	   in	   (d).	   f)	   The	   histo-­‐
gram	  of	  the	  photobleaching	  times	  for	  370	  single	  molecules.	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Each	  fluorescent	  reaction	  product	  manifests	  on	  the	  detec-­‐
tor	   through	   a	   fluorescent	   burst	   with	   an	   intrinsic	   point	  
spread	  function	  (PSF)	  of	  ~	  230	  nm	  at	  FWHM	  (Figure	  2b).	  
However,	  the	  localization	  precision	  of	  the	  method	  is	  sub-­‐
stantially	   improved	   by	   fitting	   the	   PSF	   of	   a	   fluorescent	  
molecule	  by	  a	  2D	  Gaussian	  localization	  algorithm,	  result-­‐
ing	  in	  a	  typical	  localization	  precision	  of	  17	  ±	  9	  nm	  (Figure	  
2c,	   Supporting	   information	   S2).	   Following	   this	   localiza-­‐
tion	  approach	  for	  many	  repetitive	  frames	  single	  turnovers	  
can	  be	  localized	  in	  3-­‐D	  for	  any	  specific	  focal	  depth	  within	  
the	  crystal	  Z-­‐axis	  (20	  µm,	  as	  illustrated	  in	  Figure	  1a).	  This	  
results	   in	   reactivity	  maps	   that	   indicate	   the	   precise	   loca-­‐
tion	   of	   detected	   fluorescent	   events	   (Figure	   2d).	   Fluores-­‐
cent	   events	   may	   reappear	   in	   several	   consecutive	   frames	  
before	   they	   permanently	   photobleach	   (Figure	   2e).	   The	  
histogram	   of	   photobleaching	   lifetimes	   shows	   that	   the	  
majority	  of	  fluorescent	  products	  are	  photobleached	  with-­‐
in	   a	   short	   time	   interval	   of	   0.5	   s	   (Figure	   2f).	   Fast	   photo-­‐
bleaching	   of	   fluorescent	   products	   is	   essential	   for	   the	  
quantification	  of	  the	  catalytic	  turnovers.	  Furthermore,	  the	  
photobleaching	   prevents	   fast	   accumulation	   of	   the	   back-­‐
ground	   fluorescence	   and	   enables	   stable	  monitoring	   over	  
an	  extended	  period	  of	  time.	  
In	   our	   analysis,	   each	   fluorescent	   burst,	   that	   repeats	   in	  
consecutive	  image	  frames	  and	  within	  a	  localization	  diam-­‐
eter	  of	  55	  nm,	  counts	  as	  one	  catalytic	  turnover.	  However,	  
once	   the	   product	   is	   photobleached	   we	   account	   for	   the	  
formation	  of	  new	   fluorescent	  molecules	   that	  may	  appear	  
in	  this	  area.	  To	  account	   for	   the	  effects	  of	   the	  burst	  reap-­‐
pearance	   in	  multiple	   frames	  and	   formation	  of	  new	  prod-­‐
uct	   molecules	   we	   have	   used	   the	   emitter	   tracking	   algo-­‐
rithm,	   as	   described	   in	   the	   Experimental	   Section	   and	   the	  
Supporting	  Information	  S1.	  
Time-­‐dependent	   quantification	   of	   the	   stochastic	  
single	   turnover	   dynamics.	   To	   follow	   the	   dynamics	   of	  
catalytic	  turnovers	  taking	  place	  in	  the	  micropores	  of	  zeo-­‐
lite	   H-­‐ZSM-­‐5-­‐P	   crystals	   we	   have	   optimized	   the	   reaction	  
conditions	   that	   favor	   efficient	   detection	   of	   the	   reaction	  
products	   -­‐	   i.e.	   the	   photobleaching	   of	   the	   catalytically	  
formed	   fluorescent	   products	   is	   compensated	   by	   the	   for-­‐
mation	  of	  novel	  reaction	  products	  catalyzed	  by	  abundant-­‐
ly	  present	  Brønsted	  acid	  sites.	  Using	  the	  developed	  meth-­‐
od,	  it	  is	  possible	  to	  temporally	  resolve	  and	  quantify	  single	  
catalytic	   turnovers	   that	   simultaneously	   take	  place	  within	  
the	   analyzed	   volume.	   This	   is	   illustrated	   in	   Figure	   3a,	  
where	   the	   turnover	   rate	   is	   monitored	   over	   4	   hours	   of	  
catalytic	   reaction	   taking	  place	  close	   to	   the	  surface	  of	   the	  
single	  H-­‐ZSM-­‐5-­‐P	  crystal.	  The	  number	  of	  catalytic	  turno-­‐
vers	  counted	  over	  100	  ms	  time	  intervals	  follows	  a	  Poisson	  
distribution	   with	   an	   increased	   broadening	   and	   shift	   to-­‐
wards	   higher	  mean	   values	   as	   a	   function	   of	   time	   (Figure	  
3b).	  	  
	  
Figure	   3.	   Single	   turnover	   stochastics	   of	   the	   oligomerization	  
reaction	  monitored	   at	   the	   surface	   of	   the	   H-­‐ZSM-­‐5-­‐P	   single	  
crystal	  for	  4	  hours	  in	  a	  5.75	  mM	  solution	  of	  FA.	  a)	  The	  total	  
number	  of	  detected	  turnovers	  per	  frame	  as	  function	  of	  time.	  
Each	  time	  interval	  is	  100	  s.	  Note	  the	  large	  time	  gaps	  between	  
the	   measurements.	   b)	   Poisson	   distributions	   of	   the	   corre-­‐
sponding	  color-­‐coded	  trajectories	  presented	  in	  (a),	  including	  
the	  Poisson	  parameter	  λ.	  
	  
The	   parameters	   of	   the	   Poisson	   distribution	   describe	   the	  
stochastic	  nature	  of	   the	  catalytic	  process	   for	  an	  arbitrary	  
region	  of	  interest,	  which	  is	  ultimately	  limited	  by	  the	  reso-­‐
lution	  of	  our	  method.	  Figure	  3	  suggests	  that	  the	  turnover	  
rates	  fluctuate	  stochastically	  around	  mean	  values	  that	  are	  
a	   function	  of	   time	  and	   the	  concentration	  of	   the	   reaction	  
intermediates.	  The	  latter	  is	  limited	  by	  the	  slow	  intracrys-­‐
talline	  diffusion	  of	   FA	  molecules	   into	  microporous	   voids	  
of	  H-­‐ZSM-­‐5.	  Therefore,	  in	  order	  to	  study	  the	  reactivity	  in	  
deeper	   crystalline	   regions,	   reaction	   conditions	   should	  be	  
optimized	   to	   yield	   moderate	   turnover	   rates.	   We	   found	  
that	  5.75	  mM	  solution	  of	  FA	   is	  an	  optimal	  concentration	  
to	   quantify	   single	   turnover	   dynamics	   in	   3-­‐D	   for	   studied	  
zeolite	  crystals.	  
3-­‐D	   imaging	   of	   steaming	   effects	   on	   reactivity.	  Using	  
NASCA	  approach	  we	  have	  compared	  the	  3-­‐D	  reactivity	  of	  
the	   parent	   zeolite	   H-­‐ZSM-­‐5-­‐P	   crystals	   with	   the	   mildly	  
steamed	  H-­‐ZSM-­‐5-­‐MT	  and	  severely	  steamed	  H-­‐ZSM-­‐5	  ST	  
zeolite	   crystals.	   Figure	   4	   summarizes	   the	   accumulated	  
high-­‐resolution	  reactivity	  maps,	  taken	  after	  3h	  of	  reaction	  
at	   the	  middle	   of	   the	   three	   zeolite	   crystals,	   for	   the	   three	  
different	  focal	  depths	  -­‐	  Z	  =	  0	  µm	  (surface),	  Z	  =	  2	  µm,	  and	  
Z	  =	  4	  µm	  below	  the	  surface.	  The	  reactivity	  maps	  qualita-­‐
tively	  suggest	  the	  following	  order	  of	  reactivity:	  H-­‐ZSM-­‐5-­‐
MT	  >	  H-­‐ZSM-­‐5-­‐P	  >>	  H-­‐ZSM-­‐5-­‐ST.	  	  
Three	   important	   conclusions	   follow	   from	  Figure	  4.	   First,	  
mild	  steaming	  increases	  the	  single	  turnover	  activity	  in	  the	  
near-­‐surface	  regions	  of	  a	  single	  zeolite	  crystal	  and	  induces	  
clearly	   visible	   spatial	   inhomogeneities	   in	   reactivity.	   Se-­‐
cond,	  severe	  steaming	  greatly	  reduces	  the	  turnover	  activi-­‐
ty	   at	   all	   focal	   depths.	   Finally,	   reactivity	  maps	   at	   Z=2	   µm	  
and	  Z	  =	  4	  µm	  reveal	  regions	  of	  lower	  fluorescence	  activity	  
that	  are	  a	   consequence	  of	   a	  different	  pore	  orientation	   in	  
the	   crystal	   subunits,	   as	   indicated	   by	   yellow	   arrows	   in	  
Figure	  4.	  From	  this	  point	  on,	  we	  will	  further	  elaborate	  on	  
these	  observations	  in	  a	  quantitative	  manner	  by	  measuring	  
spatio-­‐temporal	   changes	   in	   the	   turnover	   frequencies	   of	  
zeolite	  domains.	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Figure	  4.	  Single	  molecule	  reactivity	  maps	  for	  H-­‐ZSM-­‐5-­‐P,	  H-­‐
ZSM-­‐5-­‐MT	   and	  H-­‐ZSM-­‐5-­‐ST	   crystals,	   recorded	   at	   three	   dif-­‐
ferent	  focal	  depths	  (Z	  =	  0	  (surface),	  Z	  =	  2	  µm	  and	  Z	  =	  4	  µm).	  
Reactivity	   is	   accumulated	   for	   1000	   frames,	   after	   3	  h	  of	   reac-­‐
tion	   in	   5.75	  mM	   solution	   of	   FA.	   Yellow	   arrows	   indicate	   the	  
regions	   with	   lower	   reactivity	   due	   to	   a	   different	   crystallo-­‐
graphic	  orientation	  of	  the	  subunits.	  Color	  bar:	  turnovers	  per	  
200	  ×	  200	  nm2.	  
	  
The	   influence	   of	   the	   structural	   anisotropy	   on	   the	  
catalytic	  performance	  of	  H-­‐ZSM-­‐5	  crystals.	  The	  impact	  
of	   the	   intergrowth	   structure	   on	   reactivity	   can	   be	   clearly	  
visualized	   when	   sufficient	   quantity	   of	   single	   molecule	  
products	  is	  accumulated	  in	  inner	  regions	  of	  the	  H-­‐ZSM-­‐5	  
crystal,	  as	  illustrated	  for	  Z	  =	  2	  µm	  and	  Z	  =	  4	  µm	  (Figure	  5).	  
	  
	  
Figure	  5.	  Models	  of	   the	  H-­‐ZSM-­‐5	   intergrowth	  structure;	   red	  
(top/bottom	   subunits):	   straight	   pores	   run	   parallel	   to	   the	  
image	  plain,	  blue	  (side	  subunits):	  straight	  pores	  run	  perpen-­‐
dicular	   to	   the	   image	   plain).	   The	   overlaid	   single	   molecule	  
maps	   indicate	   differences	   in	   reactivity	   for	   planes	   that	   are	   2	  
µm	   and	   4	   µm	   below	   the	   surface,	   after	   2.5	   h	   in	   a	   5.75	   mM	  
solution	  of	  FA.	  Color	  bar:	  turnovers	  per	  800	  ×	  800	  nm2.	  
	  
It	   is	   striking	   that	   the	   formation	  of	   linear	   fluorescent	  oli-­‐
gomers	   proceeds	   mainly	   along	   the	   straight	   pores	   of	   the	  
zeolite	  H-­‐ZSM-­‐5-­‐P	  crystal,	  even	  though	  the	  access	  to	  the	  
crystalline	  bulk	  of	  the	  top/bottom	  subunits	  is	  mainly	  pro-­‐
vided	  via	   sinusoidal	  pores	   (Figure	   1a).33	  This	   implies	   that	  
the	  circularly	  polarized	  laser	  light	  interacts	  predominant-­‐
ly	   with	   the	   transition	   dipole	   moments	   of	   fluorescent	  
products	   oriented	   along	   the	   straight	   pores	   of	   zeolite	   H-­‐
ZSM-­‐5.	   Likewise,	   the	   molecules	   that	   are	   aligned	   within	  
the	   straight	  pores	   of	   the	   side	   subunits	   (see	  Figure	   5)	   are	  
not	  efficiently	  excited	  with	  the	  perpendicular	  vector	  com-­‐
ponent	   of	   the	   laser	   light.	   A	   strong	   dependence	   of	   the	  
recorded	   signal	   from	   the	   crystalline	   anisotropy	   and	   the	  
preferential	   orientation	   of	   the	   guest	  molecules	   has	   been	  
observed	   on	   several	   occasions	   for	  H-­‐ZSM-­‐5	   and	  H-­‐MOR	  
crystals	  using	  different	  microscopic	  techniques.22,25,26,49	  	  
3-­‐D	   quantification	   of	   the	   single	   catalytic	   turnovers.	  
We	   have	   further	   examined	   the	   3-­‐D	   reactivity	   profiles	   of	  
FA	  in	  order	  to	  provide	  a	  complete	  quantitative	  picture	  of	  
the	   effect	   of	   steaming	   on	   Brønsted	   reactivity.	   Figure	   6	  
illustrates	  the	  temporal	  evolution	  of	  the	  normalized	  turn-­‐
over	  activities,	   recorded	   for	   the	  parent	   (H-­‐ZSM-­‐5-­‐P),	   the	  
mildly	  steamed	  (H-­‐ZSM-­‐5-­‐MT)	  and	  the	  severely	  steamed	  
(H-­‐ZSM-­‐5-­‐ST)	   zeolite	   crystals	   at	   four	   different	   focal	  
depths.	   The	  most	   notable	   difference	   in	   reactivity	   of	   the	  
parent	   H-­‐ZSM-­‐5-­‐P	   and	   mildly	   steamed	   H-­‐ZSM-­‐5-­‐MT	  
zeolite	  crystals	  is	  in	  the	  surface	  regions	  (depth	  Z	  =	  0).	  The	  
reactivity	  profiles	  evidence	  slow	  intra-­‐crystalline	  diffusion	  
of	  FA,	  with	  most	  of	  the	  fluorescent	  events	  detected	  within	  	  
the	  500	  nm	  near-­‐surface	  layers	  of	  the	  single	  crystals.	  The	  
initial	   uptake	   of	   FA	   molecules	   and	   the	   subsequent	   oli-­‐
gomerization	   in	   the	   H-­‐ZSM-­‐5-­‐MT	   proceeds	   faster	   and	  
reaches	  a	  4	  times	  higher	  reaction	  rate	  after	  1	  hour	  of	  reac-­‐
tion	  than	  for	  H-­‐ZSM-­‐5-­‐P.	  The	  reactivity	  profile	  of	  H-­‐ZSM-­‐
5-­‐P	  shows	  a	  longer	  induction	  period	  and	  reaches	  a	  maxi-­‐
mal	   turnover	   activity	   of	   0.63	   turnovers	   per	   µm3	   per	   se-­‐
cond.	  	  This	  value	  is	  about	  1.8	  times	  lower	  than	  for	  H-­‐ZSM-­‐
5-­‐MT	  after	  4	  hours	  (Figure	  6).	  The	  surface	  turnover	  rates	  
of	  the	  measured	  regions	   indicate	  an	  improved	  accessibil-­‐
ity	  of	   the	  H-­‐ZSM-­‐5-­‐MT	  crystals	   achieved	  by	  mild	   steam-­‐
ing.	   It	   is	   worth	   noting	   that	   the	   H-­‐ZSM-­‐5-­‐MT	   crystals	  
show	  consistently	  higher	  near-­‐surface	  turnover	  rates	  than	  
H-­‐ZSM-­‐5-­‐P	  crystals.	  However,	  the	  reaction	  rates	  recorded	  
at	  Z	  =	  2	  µm	  do	  not	  differ	  significantly,	  indicating	  that	  mild	  
steaming	   does	   not	   affect	   substantially	   the	   inner	   crystal-­‐
line	   regions	   of	   the	   zeolite	   material.	   In	   contrast	   to	   both	  
parent	   and	   mildly	   steamed	   zeolite	   crystals,	   severely	  
steamed	   H-­‐ZSM-­‐5-­‐ST	   crystals	   showed	   460	   times	   lower	  
surface	  turnover	  rate	  than	  H-­‐ZSM-­‐5-­‐MT,	  without	  notable	  
time-­‐dependent	  changes.	  Furthermore,	  the	  turnover	  rates	  
at	  Z	  =	  4	  µm	  are	  3	  times	  higher	  than	  at	  Z	  =	  0	  (turnover	  rate	  
of	   2	   ×	   10-­‐3	   turnovers	   per	   µm3	   per	   second),	   suggesting	   a	  
drastic	   change	   in	   the	   amount	   and	   distribution	   of	   active	  
Brønsted	  acid	  sites	  upon	  severe	  steaming.	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Figure	   6.	  Normalized	   turnover	   activities	   of	   zeolites	  H-­‐ZSM-­‐5-­‐P,	  H-­‐ZSM-­‐5-­‐MT	   and	  H-­‐ZSM-­‐5-­‐ST	   in	   a	   5.75	  mM	   solution	   of	   FA	  
plotted	  as	  a	  function	  of	  time	  and	  focal	  depth	  Z.	  The	  first	  two	  experimental	  points	  for	  the	  H-­‐ZSM-­‐5-­‐MT	  crystal	  (after	  5	  min	  and	  
42	  min)	  were	  recorded	  from	  two	  different	  crystals.	  The	  color	  bars	  indicate	  turnover	  rates	  as	  plotted	  in	  the	  3-­‐D	  graphs.	  Note	  the	  
logarithmic	  axis	  for	  H-­‐ZSM-­‐5-­‐ST.	  The	  black	  dot	  markers	  in	  the	  3-­‐D	  graphs	  indicate	  the	  experimental	  values.	  	  
	  
Measured	   turnover	   rates	   are	   the	   summed	   result	   of	  mass	  
transfer	   limitations	   and	   the	   concentration	   of	   accessible	  
acid	   sites.	  However,	   the	   acid	   sites	   of	  H-­‐ZSM-­‐5-­‐P	   are	  not	  
homogeneously	   distributed	   throughout	   the	   crystal	   and	  
change	   further	  upon	   steaming	  post-­‐treatments.	  A	   recent	  
micro-­‐X-­‐ray	  diffraction	   (μ-­‐XRD)	   and	  Time	  of-­‐Flight	   Sec-­‐
ondary	  Ion	  Mass	  Spectrometry	  (TOF-­‐SIMS)	  study	  of	  large	  
zeolite	  H-­‐ZSM-­‐5	   crystals	   indicated	   that	   there	   is	   a	   strong	  
gradient	  in	  aluminum	  concentration	  (often	  referred	  to	  as	  
Al	  zoning)	  present	  in	  parent	  H-­‐ZSM-­‐5-­‐P	  crystals.44	  
To	  corroborate	  the	  catalytic	  activity	  of	  the	  studied	  zeolite	  
crystals	   with	   the	   changes	   in	   Al	   concentration,	   all	   three	  
samples	  were	   subjected	   to	  TOF-­‐SIMS	   sputter	  depth	  pro-­‐
filing	   measurements	   (Figure	   7).	   As	   expected	   from	   the	  
surface	   turnover	   activity	   profiles	   and	   previous	   HR-­‐SEM	  
and	   XPS	   sputter	   depth	   profiling	   measurements,45	   the	  
most	  remarkable	  difference	  in	  aluminum	  distribution	  can	  
be	   noticed	   in	   the	   near-­‐surface	   regions	   of	   the	   crystals.	  
Parent	  H-­‐ZSM-­‐5-­‐P	   crystals	   typically	   show	   a	   depletion	   of	  
aluminum	  in	  a	  surface	  layer	  of	  approximately	  50	  nm	  (first	  
sputter	   depth	   profiling	   point),	  while	  mildly	   and	   severely	  
treated	   crystals	   H-­‐ZSM-­‐5-­‐MT	   and	   H-­‐ZSM-­‐5-­‐ST	   exhibit	  
significant	  Al	  enrichment	  in	  this	  region	  (Figure	  7).	  These	  
differences	   in	   the	   surface	   distribution	   of	   aluminum	  help	  
understanding	   the	   observed	   trends	   in	   the	   reactivity	  
measured	   by	   the	   single	   molecule	   fluorescence	   method.	  
The	  lower	  reaction	  rates	  in	  the	  surface	  region	  of	  the	  par-­‐
ent	  crystals	  are	  not	  only	   related	   to	   slow	  molecular	  diffu-­‐
sion	  in	  H-­‐ZSM-­‐5-­‐P	  but	  also	  to	  the	  presence	  of	  a	  silicalite	  
layer	   at	   the	   surface	   (a	   Si/Al	   ratio	   of	   160	   has	   been	  meas-­‐
ured	   by	  XPS)45	   that	  may	   significantly	   hinder	   reactivity.43	  
This	   explains	   initially	   low	   turnover	   rates	   recorded	  at	   the	  
surface	  of	  H-­‐ZSM-­‐5-­‐P	  crystals.	   In	  contrast,	  a	  mild	  steam-­‐
ing	  treatment	  creates	  extra-­‐framework	  aluminum	  species	  
in	  the	  surface	  region	  but	  does	  not	  affect	   inner	  regions	  of	  
the	  zeolite	  material,	  as	  observed	  by	  HR-­‐SEM.45	  This	  is	  also	  
an	   indirect	   indication	   of	   the	   formation	   of	   mesoporous	  
defects	  in	  the	  surface	  layers	  of	  H-­‐ZSM-­‐5-­‐MT	  crystals	  that	  	  
	  
are	   responsible	   for	   enhanced	  diffusion	   and	  higher	   single	  
turnover	   rates,	   despite	   a	   loss	   in	   the	  number	  of	  Brønsted	  
acid	   sites	  due	   to	  dealumination.	   It	   should	  be	  noted	  here	  
that,	  apart	  from	  the	  differences	  in	  the	  near-­‐surface	  layers,	  
we	   observe	   very	   similar	   trends	   in	   the	   TOF-­‐SIMS	   depth	  
profiles	   of	   both	  H-­‐ZSM-­‐5-­‐P	   and	  H-­‐ZSM-­‐5-­‐MT.	  However,	  
the	   absolute	   values	   for	   measured	   Si/Al	   ratio	   vary	   from	  
crystal	  to	  crystal,	  as	  visible	  in	  Figure	  7	  where	  the	  concen-­‐
tration	  of	  Al	  atoms	  seems	  to	  be	  lower	  for	  H-­‐ZSM-­‐5-­‐MT.	  
	  
	  
Figure	   7.	   Aluminum	   TOF-­‐SIMS	   sputter	   depth	   profiles	   for	  
single	   zeolite	   crystals:	   H-­‐ZSM-­‐5-­‐P	   (blue),	   H-­‐ZSM-­‐5-­‐MT	  
(green)	  and	  H-­‐ZSM-­‐5-­‐ST	   (red).	  The	  approximate	  number	  of	  
Al	   atoms	   is	   calculated	   based	   on	   the	   TOF-­‐SIMS	   response	   of	  
the	   Si+/Al+	   signal	   in	   respect	   to	   96	   T	   atoms	   per	   unit	   cell	   of	  
zeolite	  H-­‐ZSM-­‐5.	  
	  
Measured	  TOF-­‐SIMS	  profiles	  only	   indicate	  the	  total	  con-­‐
centration	  of	  Al	  atoms,	  and	  not	  all	  of	  them	  are	  necessarily	  
tetrahedrally	  coordinated	  and	  incorporated	  in	  the	  frame-­‐
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work	   of	   zeolite	   –	   hence,	   not	   all	   of	   them	   are	   necessarily	  
catalytically	  active.	  The	  example	  of	  severely	  steamed	  crys-­‐
tals	   strongly	   illustrates	   this	   point.	   Recorded	   turnover	  
frequencies	   of	   H-­‐ZSM-­‐5-­‐ST	   are	   significantly	   lower	   than	  
for	   H-­‐ZSM-­‐5-­‐P	   and	   H-­‐ZSM-­‐5-­‐MT.	   This	   can	   be	   rational-­‐
ized	   by	   an	   abundance	   of	   extra-­‐framework	   Al	   species	  
formed	   upon	   severe	   steaming.	   The	   TOF-­‐SIMS	   Al	   depth	  
profile	  indicates	  that	  aluminum	  is	  still	  present	  within	  the	  
crystal	   but	   does	   not	   provide	   Brønsted	   acidity	   necessary	  
for	   the	   oligomerization	   reaction.	   The	   first	   experimental	  
point	   in	   the	   TOF-­‐SIMS	   profile	   of	   H-­‐ZSM-­‐5-­‐ST	   indicates	  
the	  deposition	  of	  aluminum	  in	  the	  surface	  layer	  of	  zeolite	  
crystal,	  most	  probably	  due	  to	  the	  high	  degree	  of	  dealumi-­‐
nation	   that	   is	   visible	   up	   to	   ~	   1	   µm	   of	   the	   depth	   profile.	  
Quite	   in	   contrast,	   the	   reactivity	   observed	   in	   the	   surface	  
layer	  of	  H-­‐ZSM-­‐5-­‐ST	  is	  very	  low	  and	  cannot	  be	  correlated	  
with	  the	  concentration	  of	  aluminum	  determined	  by	  TOF-­‐
SIMS.	  Remarkably,	  the	  observed	  Al	  zoning	  of	  the	  H-­‐ZSM-­‐
5-­‐P	  single	  crystals	  has	  a	  profound	  effect	  on	  the	  degree	  of	  
dealumination	  upon	  mild	  and	  severe	  steaming.	  H-­‐ZSM-­‐5	  
zeolite	  with	   lower	  Al	   content	   is	  more	   resistant	   to	  dealu-­‐
mination.50	  This	  explains	  the	  selective	  dealumination	  only	  
in	   the	   near-­‐surface	   regions	   of	   H-­‐ZSM-­‐5-­‐MT,	   where	   Al	  
reaches	   the	   highest	   concentration.	   Similarly,	   severe	  
steaming	   affects	   more	   surface	   regions	   of	   H-­‐ZSM-­‐5-­‐ST	  
crystals	  than	  deeper	  parts,	  where	  we	  consistently	  observe	  
several	  times	  higher	  turnover	  rates.	  
High-­‐resolution	   imaging	   of	   the	   surface	   activity.	  The	  
NASCA	  method	  can	  further	  provide	  in-­‐depth	  insights	  into	  
the	   spatio-­‐temporal	   changes	   taking	   place	   in	   nanoscopic	  
domains	  of	   the	  H-­‐ZSM-­‐5-­‐P	  and	  H-­‐ZSM-­‐5-­‐MT.	  The	  ques-­‐
tion	  arises	  whether	   the	   surface	  of	   a	   zeolite	   crystal	   is	  ho-­‐
mogeneously	   affected	   by	   the	   mild	   steaming	   method.	   A	  
closer	   look	   into	   the	   surface	   high-­‐resolution	   reactivity	  
maps	  of	  the	  H-­‐ZSM-­‐5-­‐P	  and	  H-­‐ZSM-­‐5-­‐MT	  zeolite	  crystals,	  
presented	  in	  Figure	  4,	  indicates	  substantial	  differences	  in	  
the	   spatial	   distribution	   of	   catalytic	   turnovers.	   These	   dif-­‐
ferences	   become	  highly	   visible	  when	   the	   crystals	   are	   ex-­‐
posed	   to	   a	   higher	   concentration	   of	   FA	   (10-­‐30	  mM),	   ena-­‐
bling	  the	   fast	  accumulation	  of	  catalytic	   turnovers.	  Quali-­‐
tatively,	  the	  reactivity	  of	  the	  H-­‐ZSM-­‐5-­‐P	  was	  macroscopi-­‐
cally	  homogeneous	  on	  a	  micrometer	   length	  scale	  (Figure	  
8a),	  while	   the	   surface	  of	   the	  H-­‐ZSM-­‐5-­‐MT	  shows	   signifi-­‐
cant	  heterogeneities	  in	  reactivity	  (Figure	  8b).	  To	  quantify	  
the	   extent	   of	   those	   differences	   the	   high-­‐resolution	  maps	  
from	  Figures	  8a	  and	  8b	  were	  divided	   into	  384	  ×	  384	  nm2	  
(8	   ×	   8	   binned	   pixels)	   regions,	   as	   illustrated	   in	   Figure	   8.	  
Such	  regions	  are	  used	  to	  construct	  the	  histograms	  of	  the	  
turnover	  activity,	  as	  presented	  for	  H-­‐ZSM-­‐5	  P	  (Figure	  8c)	  
and	   H-­‐ZSM-­‐5-­‐MT	   (Figure	   8d).	   While	   H-­‐ZSM-­‐5-­‐P	   has	   a	  
fairly	  narrow	  distribution	  of	  turnover	  rates	  determined	  for	  
384	  ×	  384	  nm2	  regions	  of	  interest,	  the	  H-­‐ZSM-­‐5-­‐MT	  shows	  
a	  broad	  reactivity	  histogram	  with	  regions	  of	  high	  and	  low	  
reactivity,	   spanning	   nearly	   one	   order	   of	   magnitude.	   A	  
TOF-­‐SIMS	   sputter	   depth	   profile	   of	   the	   mildly	   steamed	  
crystal	   (Figure	   7)	   indicates	   the	   deposition	   of	   extra-­‐
framework	   Al	   species	   in	   the	   near-­‐surface	   regions	   of	   H-­‐
ZSM-­‐5-­‐MT	   crystals.	   Therefore,	   a	   non-­‐uniform	   turnover	  
activity	  of	  the	  nanoscopic	  domains	  of	  H-­‐ZSM-­‐5-­‐MT	  could	  
be	   related	   to	   large	   differences	   in	   the	   accessibility	   of	  
Brønsted	   acid	   sites	   caused	   by	   the	   migration	   of	   Al	   and	  
blockage	  of	  micropores.	  
	  
	  
Figure	   8.	   High-­‐resolution	   imaging	   of	   accessible	   acid	   sites.	  
a,b)	   High-­‐resolution	   images	   of	   surface	   reactivity	   based	   on	  
movies	  (2000	  frames)	  for	  a)	  a	  H-­‐ZSM-­‐5-­‐P	  crystal	  in	  a	  23	  mM	  
solution	   of	   FA,	   and	   b)	   a	  H-­‐ZSM-­‐5	  MT	   crystal	   in	   a	   11.5	  mM	  
solution	  of	  FA.	  The	  color	  bar	  denotes	  the	  number	  of	  detected	  
turnovers	  per	  48	  ×	  48	  nm2.	   Insets	  marked	  with	  arrows	   indi-­‐
cate	  high-­‐resolution	  images	  of	  384	  ×	  384	  nm2	  domains,	  used	  
for	  calculating	  the	  histograms	  displayed	  in	  Figures	  8c	  and	  8d.	  
The	  yellow	  square	  in	  Figure	  8a	  indicates	  a	  region	  of	  interest	  
used	   to	   construct	   the	   scatter	   plot	   in	   Figure	   9a.	   c,d)	   Corre-­‐
sponding	   histograms	   of	   turnover	   activity,	   calculated	   from	  
384	  ×	  384	  nm2	  binned	  regions	  in	  (a)	  and	  (b),	  and	  normalized	  
to	   the	  molar	   concentration	  of	   FA,	   for	   c)	  H-­‐ZSM-­‐5-­‐P	   and	  d)	  
H-­‐ZSM-­‐5-­‐MT.	  
	  
The	  high-­‐resolution	  map	  of	  turnover	  activity	  of	  H-­‐ZSM-­‐5-­‐
P	  (Figure	  8a)	  indicates	  observable	  nanoscopic	  differences	  
in	   reactivity	  even	   for	   the	  parent	  zeolite	  crystal.	  A	  scatter	  
plot	  in	  Figure	  9a	  shows	  the	  locations	  of	  individual	  catalyt-­‐
ic	  turnovers	  for	  a	  2.4	  ×	  2.4	  µm2	  region	  of	  interest	  indicated	  
in	  Figure	  8a.	  The	  inhomogeneous	  distribution	  of	  catalytic	  
turnovers	   in	   Figure	   9a	   could	   be	   a	   consequence	   of	   the	  
stochastic	   nature	   of	   the	   process,	   which	   is	   described	   by	  
Poisson	  statistics	  in	  Figure	  3.	  To	  verify	  this	  hypothesis,	  we	  
have	  simulated	  a	  scatter	  plot	  that	  describes	  a	  completely	  
random,	   stochastic	   process	   (Figure	   9b).	   As	   the	   scatter	  
plots	   are	   constructed	   based	   on	   the	   identical	   number	   of	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catalytic	   turnovers	   (3709)	  we	  would	  expect	  a	   similar	  dis-­‐
tribution	  of	  nearest-­‐neighbors	   (NN)	   for	  both	  H-­‐ZSM-­‐5-­‐P	  
and	  the	  simulated	  pattern.	  	  
	  
	  
Figure	  9.	  	  a,b)	  Scatter	  plots	  of	  reactivity	  reconstructed	  for	  a)	  
the	  H-­‐ZSM-­‐5-­‐P	  crystal	  and	  the	  region	  of	  interest	  indicated	  in	  
Figure	  8a	  (yellow	  square)	  and	  b)	  a	  simulated,	  random	  scatter	  
plot.	   Each	   dot	   in	   the	   scatter	   plots	   represents	   one	   catalytic	  
turnover.	   c,	   d)	   Histograms	   of	   the	   number	   of	   nearest-­‐
neighbors	   (NN)	   detected	   within	   a	   radius	   of	   100	   nm.	   c)	   A	  
comparison	  of	  H-­‐ZSM-­‐5-­‐P	  and	  the	  simulated	  pattern,	  calcu-­‐
lated	  from	  Figures	  9a	  and	  9b.	  d)	  A	  comparison	  of	  H-­‐ZSM-­‐5-­‐
MT	  and	  the	  corresponding	  simulated	  pattern	  (see	  Figure	  S4	  
for	  corresponding	  scatter	  plots).	  
	  
A	  histogram	  in	  Figure	  9c	  does	  not	  support	  the	  hypothesis	  
of	  randomness.	  The	  number	  of	  NNs	  in	  a	  radius	  of	  100	  nm	  
calculated	  for	  H-­‐ZSM-­‐5-­‐P	  suggests	  a	  substantial	  deviation	  
from	  the	  simulated	  random	  distribution	  of	  catalytic	  turn-­‐
overs.	  The	  histograms	  for	  a	  smaller	  NN	  radius	  (20-­‐50	  nm)	  
did	   not	   indicate	   a	   clear	   difference	   in	   the	   number	   of	  NN	  
catalytic	  turnovers.	  Furthermore,	  increasing	  the	  radius	  of	  
NN	  analysis	   to	  500-­‐700	  nm	  leads	  to	  very	  similar	  NN	  his-­‐
tograms	   (Supporting	   Information	   S3).	   The	   observed	  het-­‐
erogeneities	  in	  reactivity	  could	  be	  a	  direct	  consequence	  of	  
intrinsic	  differences	  in	  the	  surface	  accessibility	  and	  acidity	  
introduced	  to	  the	  zeolite	  framework	  during	  the	  synthesis,	  
ion	  exchange	  or	  activation.	  In	  comparison	  to	  the	  H-­‐ZSM-­‐
5-­‐P,	   a	   histogram	   of	   NN	   distribution	   for	   H-­‐ZSM-­‐5-­‐MT	  
shows	   significant	   deviation	   from	   the	   simulated	   pattern	  
(Figure	  9d).	  
The	   observed	   changes	   in	   reactivity	   for	   the	   H-­‐ZSM-­‐5-­‐P	  
crystals	   can	   be	   resolved	  with	   temporal	   resolution	   of	   100	  
ms	   per	   frame.	   We	   studied	   the	   reactivity	   of	   the	   zeolite	  
domain	   presented	   in	   Figure	   8a	   and	   divided	   it	   into	   784	  
smaller	   domains	   with	   the	   lateral	   size	   of	   384	   ×	   384	   nm2	  
(see	   Figure	   8a).	   This	   size	   was	   chosen	   based	   on	   the	   ob-­‐
served	  density	  of	  catalytic	  events.	  Smaller	  domains	  can	  be	  
analyzed	   in	   a	   similar	  manner,	   but	   yield	   low	   numbers	   of	  
detected	  events	  per	  domain.	  By	  applying	  described	  quan-­‐
tification	   procedure	   we	   reconstructed	   turnover	   trajecto-­‐
ries	   of	   all	   analyzed	   domains.	   A	   digital	   single	   turnover	  
trajectory	  of	  an	  exemplified	  region	  of	  interest	  is	  shown	  in	  
Figure	  10a.	  
	  
	  
Figure	   10.	   a)	  Single	   turnover	   trajectory	   recorded	   for	  a	   384	  ×	  
384	  nm2	  zeolite	  domain.	   Inset:	   the	  definition	  of	   the	  waiting	  
time	  as	  the	  time	  between	  two	  subsequent	  catalytic	  turnovers.	  
b)	  A	  waiting	  time	  trajectory	  reconstructed	  from	  (a).	  c)	  Evolu-­‐
tion	   of	   turnover	   numbers	   for	   five	   exemplified	   zeolite	   do-­‐
mains:	  the	  black	  line	  is	  derived	  from	  (b),	  the	  red	  lines	  in	  the	  
background	  represent	  all	  784	   trajectories.	  d)	  Mean	  distribu-­‐
tion	  of	  waiting	   times	   calculated	   for	   all	   784	   surface	  domains	  
(dark	   blue).	   The	   blue	   and	   red	   lines	   denote	   the	   fitted	   expo-­‐
nential	  decays	  of	  the	  waiting	  time	  histograms	  for	  the	  red	  and	  
blue	  trajectories	  in	  (c).	  e)	  2-­‐D	  conditional	  histogram	  of	  con-­‐
secutive	  waiting	   times	   recorded	  at	   tn	  and	   tn+1.	  The	  color-­‐bar	  
indicates	  the	  occurrence	  of	  pairs	  of	  waiting	  times.	  
	  
Each	   turnover	   trajectory	   can	   be	   described	   by	   the	   time	  
between	   subsequent	   catalytic	   events,	   denoted	   here	   as	  
waiting	   time.	   This	   parameter	  was	   used	   in	   single	   enzyme	  
kinetics	   to	   derive	   memory	   effects	   in	   enzyme	   confor-­‐
mation	   dynamics.51–53	   A	   typical	   turnover	   trajectory	   of	   a	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zeolite	   domain	   illustrates	   the	   stochastic	   appearance	   of	  
waiting	   times	   (Figure	   10b).	   We	   compared	   the	   turnover	  
trajectories	   and	   the	   resulting	   cumulative	   sums	   of	   turno-­‐
vers	  of	  all	  784	  analyzed	  domains.	  A	  selection	  of	  five	  trajec-­‐
tories	   that	  differ	   significantly	   in	   their	   reactivity	   is	   shown	  
in	  Figure	  10c.	  It	  is	  evident	  that	  individual	  zeolite	  domains	  
within	  a	   single	  zeolite	  particle	  may	  differ	   significantly	   in	  
their	  average	  turnover	  frequencies.	  
The	   distribution	   of	   individual	   waiting	   times	   follows	   the	  
exponential	  decay	   function	   for	  all	   analyzed	   turnover	   tra-­‐
jectories	   (Figure	   10d),	  while	   the	  parameters	  of	   the	  distri-­‐
bution	   change	   with	   turnover	   frequencies	   recorded	   at	  
individual	   zeolite	   domains.	   The	   question	   arises	   whether	  
these	  fluctuations	  of	  waiting	  times	  have	  a	  temporal	  corre-­‐
lation	   component,	   i.e.	   whether	   the	   appearance	   of	   two	  
consecutive	  waiting	  times	  can	  be	  statistically	  correlated	  to	  
temporal	  changes	  in	  the	  oligomerization	  reaction	  mecha-­‐
nism.	  A	  summed	  2D	  histogram	  of	  adjacent	  waiting	  times	  
(tn	  and	  tn+1)	  calculated	  for	  all	  analyzed	  trajectories	  shows	  a	  
symmetrical	  distribution	  of	  pairs	  of	  waiting	  times	  (Figure	  
10e).	  This	  distribution	  describes	  stochastic	  behavior	  of	  the	  
single	   turnover	   trajectories,	   where	   higher	   turnover	   rates	  
may	   be	   followed	   with	   the	   longer	   time	   intervals	   of	   low	  
activity.	   As	   a	   test	   of	   time-­‐correlated	   features	   we	   have	  
examined	   the	   2-­‐D	   difference	   histograms	   (Supporting	  
Information	  Figure	  S5)	  and	  the	  autocorrelation	  functions	  
of	   recorded	   waiting	   time	   trajectories	   (Supporting	   Infor-­‐
mation	  Figure	  S6).	  Similar	  kinetic	  studies	  performed	  ear-­‐
lier	  for	  enzymes51,52,54	  and	  nano-­‐particles32	  found	  a	  correla-­‐
tion	  of	  catalytic	  turnover	  frequencies	  in	  time	  due	  to	  con-­‐
formational	   and	   surface	   reconstruction	   changes.	   Our	  
analysis	  did	  not	  show	  the	  presence	  of	   similar	  correlation	  
effects	  in	  H-­‐ZSM-­‐5	  most	  probably	  due	  to	  the	  significantly	  
different	  nature	  of	   the	  catalytic	  processes	   taking	  place	  at	  
enzymes	  and	  nanoparticles.	  Very	  low	  turnover	  rates	  over	  
large	  zeolite	  domains,	  as	  compared	  to	  the	  size	  of	  enzymes	  
and	  nanoparticles,	  may	  not	  be	  sufficient	  to	  study	  dynamic	  
disorder	   at	   present	   time/space	   scales.	  However,	   the	   rea-­‐
sons	  for	  the	  observed	  behavior	  could	  well	  be	  explained	  by	  
the	   interplay	   of	   diffusion	   and	   Langmuir-­‐Hinshelwood	  
adsorption-­‐reaction	  mechanism,	   taking	   into	   account	   the	  
complexity	   of	   the	   overall	   process	   that	   may	   lead	   to	   the	  
non-­‐periodic,	  chaotic	  oscillations	  in	  reactivity.55–57	  	  
We	  note	  here	  a	   remarkable	  observation	  related	   to	  meas-­‐
uring	  the	  turnover	  frequency	  of	  a	  single	  catalyst	  particle.	  
By	   definition,	   the	   turnover	   frequency	   is	   calculated	   with	  
respect	   to	   the	   total	   number	   of	   catalytically	   active	   sites.6	  
While	  the	  rate	  of	  the	  formation	  of	  product	  molecules	  can	  
be	  precisely	  calculated	  with	  the	  NASCA	  method,	  the	  local	  
number	   of	   catalytically	   active	   sites	   (and	  not	   the	   local	  Al	  
concentration)	  cannot	  be	  directly	  measured	  in	  3-­‐D	  at	  the	  
same	   length	   scales.	  However,	   stimulated	  Raman	  micros-­‐
copy	   with	   probe	   molecules	   recently	   demonstrated	   this	  
information	  at	  diffraction	  limited	  resolutions.26	  The	  reac-­‐
tivity	   of	   zeolite	   H-­‐ZSM-­‐5	   is	   measured	   in	   conditions	   of	  
extremely	   low	   turnover	   frequencies.	  Taking	   into	  account	  
the	  maximum	  in	  recorded	  reactivity	  of	  10	  events	  per	  μm3	  
s-­‐1	   (which	  corresponds	   to	  a	   reaction	  rate	  of	   1.7	  ×	   10-­‐8	  mol	  
dm-­‐3	   s-­‐1	   for	   detected	   fluorescent	   products)	   and	   a	   bulk	  
Si/Al	  ratio	  of	  17,	  the	  average	  recorded	  turnover	  frequency	  
of	   the	   reaction	   is	   in	   the	   order	   of	   10-­‐8	   s-­‐1.	   In	   comparison,	  
typical	   turnover	   frequencies	   recorded	   at	   a	   bulk	   level	   in	  
zeolites	  are	  in	  order	  of	  10-­‐3	  s-­‐1	  –	  marking	  a	  difference	  of	  at	  
least	  five	  orders	  of	  magnitude.	  The	  practical	  upper	  limit	  of	  
the	  NASCA	  technique	  applied	  to	  studied	  zeolite	  crystals	  is	  
close	   to	  measured	  values,	   since	  a	  higher	  reactivity	  of	   the	  
probe	  molecules	  would	   lead	   to	   the	   fast	   accumulation	   of	  
bursts	   that	   could	   not	   be	   optically	   resolved	   anymore.	   In	  
practice,	   the	  window	  of	   turnover	   values	   that	   can	  be	   rec-­‐
orded	   for	   the	   studied	   zeolite	   H-­‐ZSM-­‐5	   crystals	   ranges	  
from	  10-­‐12	  to	  10-­‐8	  s-­‐1,	  representing	  more	  than	  four	  orders	  of	  
magnitude	   difference	   in	   reactivity.	   In	   principle,	   even	  
lower	   turnover	   numbers	   can	   be	   determined	   at	   the	   ex-­‐
pense	  of	  longer	  acquisition	  times.	  	  
	  	  	  
CONCLUSION	  
We	   have	   quantified	   in	   3-­‐D	   the	   effect	   of	   steaming	   post-­‐
treatments	  on	  the	  catalytic	  performance	  of	   individual	  H-­‐
ZSM-­‐5	   crystals	   using	   the	   high	   sensitivity	   and	   spatiotem-­‐
poral	  resolution	  of	  single	  molecule	  super-­‐resolution	  fluo-­‐
rescence	  microscopy.	  Mild	   steaming	  of	  H-­‐ZSM-­‐5	  crystals	  
at	   500	   °C	  altered	   surface	  porosity	  via	  dealumination	  and	  
notably	   enhanced	   the	   accessibility	   and	   reactivity	   –	   how-­‐
ever,	  this	  also	  causes	  a	  highly	  heterogeneous	  distribution	  
of	   accessible	   acid	   sites	   at	   macroscopic	   level.	   Further	  
steaming	   at	   700	   °C	   has	   led	   to	   a	   significant	   loss	   of	  
Brønsted	   acidity	   and	   a	   two	   orders	   of	   magnitude	   lower	  
average	   turnover	   frequency.	   The	   results	   were	   further	  
explained	  by	  measuring	  TOF-­‐SIMS	  sputter	  depth	  profiles	  
of	  Al	  distribution.	  Surface	  diffusion	  barriers	  of	  the	  parent	  
zeolite	   crystals	  were	   attributed	   to	   the	   depletion	   of	  Al	   in	  
the	  surface	  region	  of	  the	  material,	  while	  changes	  in	  the	  3-­‐
D	  distribution	  of	  Al	  upon	   steaming	   significantly	   affected	  
the	   surface	   accessibility	   and	   reactivity	  of	  mildly	   steamed	  
crystals.	  Finally,	   the	  correlation	  analysis	  of	  waiting	   times	  
between	   subsequent	   turnovers	   pointed	   towards	   signifi-­‐
cant	  temporal	  fluctuations	  and	  differences	  in	  the	  turnover	  
frequencies	   of	   nanoscopic	   zeolite	   domains	   of	   the	   parent	  
material.	   The	   obtained	   results	   demonstrate	   the	   im-­‐
portance	  of	  single	  turnover	  –	  single	  catalyst	  particle	  stud-­‐
ies	   in	   unraveling	   the	   complex	   diffusion-­‐reactivity	   inter-­‐
play	   taking	   place	   in	   hierarchical	   zeolite-­‐based	   catalyst	  
materials.	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